1. Introduction
===============

The aim of radiation therapy is the application of ionizing radiation to treat or control the growth of cancer cells forming a tumor ([@b1-epj-09-3845]). In comparison to external beam radiation therapy (EBRT), brachytherapy allows the exposure to radiation to be concentrated on certain organs, but this comes at the expense of a more invasive treatment ([@b2-epj-09-3845]). There are problems associated with this method, like the chance of radioactive seed escaping the treatment zone and affecting the neighboring tissues ([@b3-epj-09-3845]). Another challenge concerning this method is that dose distribution on the area of interest is quite ambiguous ([@b4-epj-09-3845]), and dose rate and depth-dose profile of each radioisotope source are constant ([@b5-epj-09-3845]), also when using radionuclide-based source, there is no way to turn off radiation production whether it is needed or not ([@b6-epj-09-3845]). In the 1980s, collaboration between Alan Sliski and his team at Photoelectron and MIT resulted in the development of an Electronic Brachytherapy System (eBS) ([@b7-epj-09-3845]), which managed to address some of the above problems by using an alternative point source radiation treatment approach ([@b8-epj-09-3845]). The advantages of eBS in comparison to radionuclide-based brachytherapy include: unlike radionuclide-based sources, in eBS radiation is generated by an X-ray tube ([@b9-epj-09-3845]); the therapy dose is adjustable as it can be altered by adjusting the current and voltage of X-ray tube ([@b10-epj-09-3845]); the use of lower energies in eBS means increased radiobiological effectiveness and that surrounding environment can be better protected by less extensive shielding ([@b11-epj-09-3845]); the dose distributions can be controlled more accurately with the tube's kVp adjustment ([@b12-epj-09-3845]); the use of eBS allows dose distribution to be targeted more accurately and the dose fall-off rate to be better controlled, and this can prevent unnecessary delivery of dose to marginal healthy tissues ([@b13-epj-09-3845]); In eBS, the tube potential is adjustable, which gives better control over radiation quality and leads to a better dose conformity ([@b2-epj-09-3845]). The Zeiss INTRABEAM® Radiotherapy System (IRS) is a 50 kV X-ray unit designed specifically for interstitial brachytherapy ([@b14-epj-09-3845]). However, considering the problems associated with the use of brachytherapy isotopes, including iridium-192 used for treatment of breast cancer via MammoSite method, in 2005, Xoft Company introduced the miniature x-ray tube as a response to these issues. Axxent^TM^ Electronic Brachytherapy System delivers focused, conformal doses of radiation at high dose rates using a novel miniature x-ray source operating at 40, 45 or 50 kVp ([@b15-epj-09-3845]). Characteristics of this system make it particularly useful for treatment of cancer developed in the breast and the inner surface of a body cavity like the bed of an excised tumor ([@b16-epj-09-3845]). In 2013, the Esteya brachytherapy system was introduced for the treatment of skin. All three, the Zeiss Intrabeam system (Carl Zeiss, Oberkochen, Germany), the Axxent system (Xoft, Fremont, CA) and the Esteya Electronic Brachytherapy System (Elekta AB-Nucletron, Stockholm, Sweden) mentioned above, use particular photon emitting sources, for which Task Group-186 of the American Association of Physicists in Medicine (AAPM) have developed a number of guidelines ([@b17-epj-09-3845]). The AAPM has also provided exact definitions for the Miniature Electronic Brachytherapy X-ray Sources (MEBXS) emitting a spectrum of bremsstrahlung and characteristic X-ray photons ([@b18-epj-09-3845]). The work of Task Group 152 of AAPM has resulted in a model regulation for electronic brachytherapy, where the term "electronic brachytherapy" has been defined as "a method of radiation therapy using electrically generated x-rays to deliver a radiation dose at a distance of up to a few centimeters by intracavitary, intraluminal, or interstitial application, or by applications with the source in contact with the body surface or very close to the body surface" ([@b19-epj-09-3845]). Through these developments, electronic brachytherapy system has emerged as one of the most rapidly disseminating medical devices in the world. However, the core component of these systems is still the miniature tube that allows the low energy x-ray to be produced at high dose rates ([@b20-epj-09-3845]). The x-ray spectrum produced by this tube has a continuous distribution (bremsstrahlung effect) with a line spectrum characteristic ([@b21-epj-09-3845]), and has an extensive use in medical physics ([@b22-epj-09-3845]). There are several concerns regarding the electronic brachytherapy, and one of these concerns is the manner in which the X-ray dose is distributed. This issues a major concern because for the treatment to be efficient, the dose should be delivered uniformly into the cavity or area of interest. As a result, the geometry and the structure of the target used in the X-ray tube of eBS plays a central role in the delivered dose distribution ([@b9-epj-09-3845]). Thus, the aim of the study was to compare the optimal target thickness, the energy spectrum at different positions, presence of beryllium window, and the relative dose of hemispherical and hemispherical-conical sources using the functions of MCNPX code (2.6.0).

2. Material and Methods
=======================

2.1. Simulation of miniature X-ray sources
------------------------------------------

The utility of Monte Carlo (MC) simulation for the study of physics of nuclear medicine, radiology, and radiation therapy is a dominantly accepted fact ([@b23-epj-09-3845]). The ability of Monte Carlo codes to model the full geometric detail of real world systems has also been proven ([@b24-epj-09-3845]). The transport of neutron, photon and electron though a three-dimensional medium with arbitrary material and geometry, can be simulated with a general-purpose Monte Carlo N-Particle code ([@b25-epj-09-3845]). One tool for such simulation is the MCNPX code, which is a combination of MCNP4C code and the code developed by LAHET (Los Alamos High-Energy Transport) for the transport and interaction of nucleons, pions, muons and light ions in complex geometries. All desirable features of MCNP4C and MCNP5 have been incorporated into the MCNPX code, but in addition, this code covers the transport of 34 new types of particles (protons, light ions, etc.), and so expands the particle-energy range that can be simulated ([@b26-epj-09-3845]). This general-purpose radiation transport code can cover continuous-energy transport up to one TeV, and provides several sources and tally options. In addition, MCNPX utilize interactive graphics, and can be run with both sequential and parallel processors ([@b27-epj-09-3845]). The version 2.6 of MCNPX requires even less memory than the previous versions, and this allows it to simulate larger voxel phantoms. However, voxel-based phantoms of large matrix sizes still cannot be simulated by MCNP5 ([@b28-epj-09-3845]). In this study, the code MCNPX (version 2.6.0) was used to simulate the target thickness, the generated x-ray photon spectra and the dose delivered through 2 targets of different material. A file containing cell card, surface card, and data card was written based on the geometry of hemispherical and hemispherical-conical sources, and was then used for simulation with MCNPX (2.6.0). Simulations were based on cylinders with internal radius (the target), middle radius (the output window), and outer radius (the water cooling sheath) of 1.1, 1.6, and 2.7 mm, respectively. Densities of gold, tungsten, beryllium, and water were assumed to be 19.32, 19.3, 1.848, 0.998, g/cm^3^ respectively ([@b29-epj-09-3845]). Considering the necessity of bremsstrahlung production for extracting an output, all stages of coupled electron/photon transport was simulated with the MODE: P E card. This study employed the energy cut-off approach, which is a simple variance reduction method, where any particle whose energy is lower than a threshold will be disregarded. Simulating these cut-off particles can give more (yet unnecessary) information, but eliminating them can improve computation time without significant consequences ([@b28-epj-09-3845]). In all stages of simulations, the cut-off energy was assumed to be 1 keV for both electrons and photons. In the simulations, the length of the source (15 mm) was modeled along the z-axis with its bottom (start) coinciding with the origin. The source was considered to be symmetric about the z-axis to facilitate the calculation dose delivery with the MC code. The reason behind the selection of this configuration was the presence of ITS-style in MCNP. ITS-style employs the transport parameters that belong to the energy step of the nearest interruption, and leads to better results than the MCNP-style ([@b30-epj-09-3845]). As a result, DBCN 17 j1 Card was defined accordingly in the input file. Library Cards Plib = 04P and elib = 03e were also used in the input file in accordance with the MCNPX (2.6.0) manual. The materials such as tungsten, molybdenum, and rhodium with different atomic numbers and densities, can be good candidates for the X-rays targets. Currently, the Intrabeam system (hemispherical source) uses a gold target (z=79) because of good heat conductance, but the reason behind choosing tungsten for hemispherical-conical is that it has a high atomic number and a high melting point (3422C) ([@b31-epj-09-3845]), which ensure not only an efficient x-ray production but also a good tolerance for high power deposition ([@b32-epj-09-3845]). It should also be noted that x-ray production efficiency is correlated with the square of the atomic number of source (Z^2^), and so the atomic numbers of tungsten (Z=74) and gold (z=79) make them a good choice for this purpose ([@b33-epj-09-3845]). Tungsten also has good strength and ductility and a low rate of vaporization in vacuum ([@b34-epj-09-3845]). The miniature sources simulated with Monte Carlo code MCNPX (2.6.0) and their specific input files are shown in [Figure 1](#f1-epj-09-3845){ref-type="fig"}.

2.2. Computation of optimal thickness of Targets
------------------------------------------------

In this part of the study, as [Figure 2 (A, B, and C)](#f2-epj-09-3845){ref-type="fig"} shows, the targets of different thicknesses (without the output window and water cooling sheath) and with sizes specified in the input file, were tested for energy levels of 40, 45 and 50 keV using MCNPX Visual Editor Software with electron beam particle display. The electron penetration (into the thickness of the target) and particle track plots were used to determine a rough range for the desirable thickness, and thus provide a ground for quantitative and more accurate determination of size of OT using the code. The process of determining the optimal angle of the hemispherical-conical source was started by setting up the interface of two cones with two hemispheres. The outer hemisphere had a fixed radius of 0.4 mm and the other one had a variable radius. The outer cone was cut by a cylinder with a radius of 1.1 mm and the other one was cut by a thinner cylinder with variable radius. The bottom end of the latter cylinder was cut by the plane that was the measure of distance between the target and the electron source. Once this slightly complex structure was set up, the desired solid disc-shaped electron source was applied using the Monte Carlo code, and the optimal angle of the hemispherical-conical source was determined to be in the range of 33 to 34 degrees depending on the used energy level. Note that any change in any of the described variables alters the apex of the cone, and changes the obtained angle. The optimized angles obtained for the hemispherical-conical and the rough approximations obtained for TT were used along with the 0.8 micron disk source ([@b15-epj-09-3845]), to simulate two sources with 30 thicknesses ranging from 0.1 microns to 3 microns (increasing in 0.1 steps), and with energy levels of 40, 45, and 50 keV (increasing in 5 keV steps) by running 180 instances of 300 minute programs. Programs were run in groups of 6 on a computer with Intel (R) Core^TM^ I 7-4790k <CPU@4.00GHz>, and 16.0 GB Ram. For each target, the surface with which particles (namely electrons and photons) were colliding was named the 'input surface' and the surface in which bremsstrahlung was being produced was named the 'output surface'. The tallies F1 and F2 were considered for electrons colliding with the input surface, and the tallies \*F1 and \*F2 were considered for electrons in the output surface. The distance between electron source and the surface that cuts the lower end of the innermost cylinder was 10 mm. In all runs, the error of the process was less than 2% and in some tallies it reached down to a hundredth of one percent.

2.3. Computation of spectra resulting from the miniature sources
----------------------------------------------------------------

In MCNPX, Physical parameters expressed by the cards PHYS: E and PHYS: P can be used to improve the efficiency of electron/photon transport computations. This task is achieved by simplifying the less important physical aspects of the model ([@b35-epj-09-3845]). The codes were run with a default photon - electron physics card. However, Emax was assumed to be 1 keV higher than what is defined in the electron source profile and specified in the data card. For example, when the energy of electron source was 50 keV, the Emax of the photon - electron PHYS card was assumed to be 51 keV to avoid calculation errors. The ring detector tally has been defined as a point detector tally where the location of the point detector is variable but can be sampled from some location on the ring. The use of ring detector leads to improved performance of point detector for those problems in which geometrical structures have rotational symmetry with respect to one axis ([@b36-epj-09-3845]). Considering the good features of the ring tally F5 and symmetry of miniature sources about z-axis, this tally was used for the calculation of energy spectra. The other issue that needed to be considered was the material of 0.5 mm thick output window (substrate). Because of the lack of accurate knowledge about the material of this component in the miniature sources of Xoft Company, this component was assumed to be made of beryllium. This material was selected because of features such as good strength to weight ratio, good thermal strength, transparency to shorter wavelengths, good availability ([@b37-epj-09-3845]), low atomic number and its ability to let through even the lower energy X-rays without absorption ([@b33-epj-09-3845]), and also the fact that the Zeiss Company usually uses beryllium as the substrate or heat buffer. To calculate the spectra of sources, one time - just the target alone was used ([Figure 2, B](#f2-epj-09-3845){ref-type="fig"}), and another time - the target, beryllium window, and water cooling sheath again ([Figure 1](#f1-epj-09-3845){ref-type="fig"}) were used. This means that spectra were calculated both inside and outside the target and beyond and within the water cooling sheath. [Figures 3](#f3-epj-09-3845){ref-type="fig"} and [4](#f4-epj-09-3845){ref-type="fig"} show the obtained spectra. In the course of calculating the spectra, the energy peaks were determined with the help of bin card and with a step of 0.1 keV. Also, the miniature sources were assumed to be in a sphere of air with a radius of 20 cm.

2.4. Calculation of absorbed dose
---------------------------------

In this part of the work, tallies to be used along with a mesh tally to calculate the absorbed dose were selected. In MCNP (2.6.0), tallies commonly used for dose calculation are F6, \*F4, and \*F8. The use of each of these tallies for dose calculation has some advantages and drawbacks. However, considering the negligible range of secondary electrons in solid or liquid media at photon energies lower than 200 keV ([@b38-epj-09-3845]), and the presence of negligible radiative losses ([@b39-epj-09-3845]), and since total kerma has about the same magnitude as the collision kerma ([@b38-epj-09-3845]), the absorbed dose can be approximated by collision kerma ([@b39-epj-09-3845]) and therefore F6 tally was recognized as the best option for this calculation. This tally is known as the track length estimate of energy deposition, or as the heating or energy deposition tally, and is faster than other tallies of dose calculation. Considering the symmetry of source about the z-axis, the dose on this axis was calculated using cylindrical cells. This dose was calculated in the presence of beryllium output window and also with the use of water instead of beryllium. Given the sensitivity of the work, a benchmark with different thicknesses and radii was conducted to assess the setting. In the end, 10 consecutive cylindrical cells with identical height and radius were used to calculate the axial dose. The average particle records run with F6 tally to calculate the axial dose in both presence and absence of beryllium and all three energy levels for gold and tungsten targets were, respectively, 163×10^6^ and 176×10^6^. The radial dose too was calculated with the assumption of symmetry of source around the z-axis. Radial (transverse) dose was calculated using 19 concentric cylindrical cells with identical thickness, but with radii of 0--15mm, 15--30mm, and so on until the last cell. In this part of work, the radial dose at all energy levels was calculated using average particle records of 301×10^6^ and 282×10^6^ respectively for the hemispherical-conical and the hemispherical source. Here, the running time of the program tasked with calculating the radial dose of each source was 1000 minutes. It should be mentioned that calculation of axial and radial dose was carried out for a sphere of water with a radius of 20 cm. Also, to prevent overlap between the cells, they were assumed to be a miniscule distance apart. In this study, each 6 programs were run concurrently by a computer with the mentioned specifications, and the average statistical error of these programs along both axes ranged from hundredth of a percent to 2.7%. One of the obviously important features of MCNPX (2.6.0) is the presence of various types of mesh tallies with specific applications. The type-1 mesh tally can be used to calculate and display quantities such as tracks, Flux, Dose, and Pedep (photon energy deposition) in the desired part of the structure. In the mesh tally method, the cards TMESH and ENDMD determine the start and end of the mesh tally frame and the cards CORA, CORB, and CORC determine the mesh size. The mesh can be defined with Cartesian, cylindrical or spherical coordinates based on existing structure. To calculate the dose via a mesh tally method, after preparing the input file, the type-1 mesh tally card was inserted at the end of this input file to calculate the Pedep (equivalent to F6 tally). Considering the symmetry of source about the z-axis, the radial dose was calculated using the cylindrical coordinates in the form of cmesh1: p Pedep, cora1 0 4i 3, corb1 2.25 5i 2.55, corc1 0.01 11i 360 (mesh tally frame is independent of the problem geometry). The execution of MCNPX code (2.6.0) created a binary Mdata file, which was then converted with the gridconv to a format that could be read with Tecplot. Tecplot software was then used to convert the data into a mesh plot with calculated dose values presented over the geometry

3. Results and discussion
=========================

[Figure 5](#f5-epj-09-3845){ref-type="fig"} shows graphs that by using them, the size of the optimum thicknesses of miniature sources was obtained for energies 40, 45, and 50 kg, values of 0.99, 1.08, and 1.34 μ for tungsten target, the values of 0.92, 1.01, and 1.06 respectively for the gold target. [Figure 3](#f3-epj-09-3845){ref-type="fig"} shows the spectrums by their use, the production of the photon flux in tungsten and gold targets were compared. Target photon flux generated in tungsten and gold targets were compared. [Figure 5](#f5-epj-09-3845){ref-type="fig"} shows the spectrum that by their use, the values of 8.9, 10.2 and 11.6 keV were obtained for energy peaks characteristic for tungsten target, and values of 10.4, 11.8 and 13.8 keV respectively for the gold target. In this study, axial and radial doses were computed for tungsten and gold targets for the applied energies, and comparison between them is according to [Figures 6](#f6-epj-09-3845){ref-type="fig"}[](#f7-epj-09-3845){ref-type="fig"}--[8](#f8-epj-09-3845){ref-type="fig"}.

3.1. Evaluation of the factors affecting the optimal target thickness
---------------------------------------------------------------------

In the simulation of this study, two types of thin transmission targets made of tungsten and gold with different atomic numbers, but with the same thickness and energy levels (and almost the same density) are subjected to electron bombardment, so factors determining the produced X-rays (bremsstrahlung and characteristic X-ray) and optimal thickness of the target are the energy of incident electron, and atomic number, thickness and shape of the target. When accelerated, electrons moving with certain energy, collide with tungsten and gold targets, the beam broadening in the target is under heavy influence of the atomic number of target material, and increases with the increase of atomic number (because of more collisions in the target). Also, beam broadening of thinner targets is relatively lower. So overall, the lower atomic number of tungsten, as compared to gold, means that the OT (electron range) of tungsten target rises faster than the gold one. Also note that when the target is thinner than the range of incident electron, some electrons will manage to cross the full thickness of the target and this leads to partial and sub-optimal conversion of electron energy to X-ray ([@b40-epj-09-3845]) (A in [Figure 2](#f2-epj-09-3845){ref-type="fig"}). So it can be argued that lower thicknesses have a lower attenuation effect and greater thicknesses have a greater attenuation effect on the X-rays produced in the target material. However, in an excessively thick target, photons produced in the first section of the target will be attenuated by the remaining part of the material ([@b41-epj-09-3845]). It can also be argued that using less than the optimum thicknesses decreases the intensity of outgoing photons and average spectrum energy, the use of optimum thickness leads to the maximum intensity of photons, and the use of greater than OTs again decreases the intensity of photons and the average spectrum energy, because the target surface may reflect the electrons (C in [Figure 2](#f2-epj-09-3845){ref-type="fig"}). As a result, there must be an optimum thickness (B in [Figure 2](#f2-epj-09-3845){ref-type="fig"}) based on which most electrons would be converted to photons and the maximum light intensity would be produced. Overall, given that Monte Carlo simulation of both targets was conducted with similar conditions, optimum thickness and X-ray production are affected not only by the energy, target thickness, and atomic number but also by the shape of the target. The plots shown in [Figures 3](#f3-epj-09-3845){ref-type="fig"} and [4](#f4-epj-09-3845){ref-type="fig"} illustrate these important effects. According to these figures, for the gold target, the optimum thicknesses of 45 and 50 keV energy levels are relatively close (their corresponding curves are a match and the numerical values are also close), but for the tungsten target, corresponding curves are apart which point to the presence of a different mechanism in tungsten as compared to gold. As the energy level increases, so does the optimal TT, and curve peaks and maxima shift forward, and this demonstrates the effectiveness of all mentioned factors. [Figure 9](#f9-epj-09-3845){ref-type="fig"} shows the diagram of the relationship between electron range with the release of energy within the target until it is stopped, so that the optimum thickness is less than the electron ranges and sources with larger optimum thickness, the electron range within them is far greater than the other sources. The line tangent to these curves crosses the x-axis (TT) at the point which represents the range of electrons on that energy level, and this range can be used to determine the OT for the used energy.

3.2. Exanimation of the obtained spectra and plots
--------------------------------------------------

The curves depicted in [Figure 4](#f4-epj-09-3845){ref-type="fig"} show the results of optimization of thickness of tungsten and gold targets with Monte Carlo code MCNPX (2.6.0). These curves show that as target thickness increases, at first, the values of surface flux and flow of electrons at input level increase, but after reaching a maximum value at a certain thickness of surface, flux of electrons at input surface and energy flux and flow of electrons at the output surface remain constant. At output surface, as target thickness increases beyond its optimal value, self-absorption factor increases with thickness and as a result, the surface flux and the surface flow of electrons at the output surface decrease. At the input layer, flow and flux of electrons increase until the same point of OT. All these trends can be clearly seen in the provided plots. The plots also show that, in line with discussions of section 4.1, surface flux and flow production in the tungsten target are far greater than that in the gold target. [Figure 5](#f5-epj-09-3845){ref-type="fig"} shows a view of the X-ray spectra produced inside (Figure A) and outside (Figure B) the gold and tungsten targets. At low energy levels, spectra produced inside the gold and tungsten targets had energy peaks of, respectively, 1.7 keV and 2.1 keV and spectra produced outside the gold and tungsten targets had peaks of, respectively, (3, 1.7) and (3, 2.1). The mean values of the highest energy peak for gold and tungsten targets were 6.12×10^−3^ and 5.49×10^−3^, respectively. Based on the mean values calculated for energy levels of 40, 45, and 50 keV, the energy produced inside the tungsten target is, respectively, 10%, 9.7%, and 8.7% greater than the gold target. The energy flux outside the gold target at energy levels of 40, 45, and 50 keV was estimated to be 11%, 10%, and 9% lower than the tungsten target. The running time of each program was 960 minutes. The statistical error in the calculation of these spectra started at 1% in the energy level of 1.5 keV, reached to a hundredth of a percent in the middle of the spectrum, and increased to 3.5% in the energy level of 46 keV. The errors obtained for energy levels lower than 1.5 or higher than 46 keV were higher than these values. [Figure 4](#f4-epj-09-3845){ref-type="fig"} shows the spectra produced in water (A) and air (B) for different levels of the used energy. These spectra show that, the amount of energy obtained for tungsten target water/air ratio (0.92%, 1.4%, and 1.45%) and gold target air/water (0.34%, 0.31%, and 0.29%) is more at energy levels of 40, 45, and 50 keV, respectively. Furthermore, the spectra depicted in [Figure 4](#f4-epj-09-3845){ref-type="fig"} show that the highest energy peak in tungsten and gold targets are, respectively, 6.34×10^−6^ and 9.66×10^−6^. The error in calculation of these spectra started at 2% in the energy level of 4.4 keV, reached down to a hundredth of a percent in the middle of the spectrum, and increased to 3 % in the energy level of 48 keV; meanwhile, the errors obtained for energy levels lower than 4.4 or higher than 48 keV were higher than these values. In this stage of analysis, the running time of each program was 3,827 minutes. Examination of spectra depicted in [Figures 3](#f3-epj-09-3845){ref-type="fig"} and [4](#f4-epj-09-3845){ref-type="fig"} show continuous X-ray spectra resulting from the electron bombardment of the surface of OTs obtained for hemispherical-conical and hemispherical miniature sources. It can also be stated that X-ray spectrum produced inside the target depends on the energy of incident electron; the spectrum of output beam (its intensity) after the target and before the output window depends on the target geometry (shape and thickness); and the spectrum of output beam (its intensity) after the beryllium window depends on thickness, density, and an atomic number of materials of the output window (here beryllium). But the important point regarding the spectrum of the output beam is that, unlike the bremsstrahlung, the beamed characteristic X-rays have discontinuous energies and as [Figures 3](#f3-epj-09-3845){ref-type="fig"} and [4](#f4-epj-09-3845){ref-type="fig"} show, the peaks of spectrum imply the transition of electrons from upper shells to the L-shell.

3.3. Analysis of the absorbed dose based on the type of tally and mesh tally
----------------------------------------------------------------------------

The analysis of dose calculation plots was carried out with two objectives: i) comparing the axial dose in the presence of beryllium as the material of output window with the result obtained with the use of water instead of beryllium, and ii) comparing the radial doses obtained with F6 tally and mesh tally method. [Figure 6](#f6-epj-09-3845){ref-type="fig"} shows the plots used for calculation of axial dose with F6 tally. To assess the axial dose, the results of cells with the same number (there were a total of 10 dose calculation cells) but in the models with different energy levels (40, 45, 50 keV), source shapes (hemispherical and hemispherical-conical) and output window materials (beryllium and water) were compared, and the average differences were determined as a percentage. In the presence of beryllium, the doses of hemispherical source at energy levels of 40, 45, and 50 keV were, respectively, 12.83%, 8.94% and 13.15% higher than those of the hemispherical-conical source, while in the absence of beryllium, the dose differences were 9.1%, 6.2%, and 8.2% (in the same order). [Figures 7](#f7-epj-09-3845){ref-type="fig"} and [8](#f8-epj-09-3845){ref-type="fig"} show the radial dose calculated with F6 tally and type-1 mesh tally. F6 tally reports the dose of each cell directly under the label of the averaged over a cell kerma (in Mev/gr per photon). Type-1 mesh tally however operates as Pedep (photon energy deposition) equivalent to F6 tally, and can be used to calculate the energy deposition per unit volume (Mev/cm3 per particle). The difference of mesh tally with F6 tally is that mesh tally gives the dose by converting the flux, while F6 tally gives the dose directly. Also, mesh tally method requires the density of the medium (here, water) to be applied. At this stage of work, the doses calculated with F6 tally and a mesh tally was compared. The greatest dose calculated with mesh tally at energy level was used as reference, and the radial doses calculated with F6 tally were compared with these reference values. This comparison showed that for the hemispherical-conical source, the doses calculated at energy levels of 40, 45, and 50 keV using the mesh tally were, respectively, 7.5%, 2.5%, and 1.6% higher than those calculated with F6 tally. For the hemispherical source, the doses obtained at energy levels of 40, 45, and 50 keV with mesh tally were 2.5%, 6.5%, and 3.5% higher than those obtained with F6 tally. This difference can be attributed to the difference in the density of the medium (water) and difference in the origin of the coordinate system used for mesh tally frame with the one defined for the cells of F6 tally. Despite adjustments, this error proved to be persistent. In any case, the axial and radial doses calculated for hemispherical miniature source, were greater than those calculated for hemispherical-conical source. The axial and radial doses calculated for both sources showed a high gradient near the source and a decrease with distance from the source, at a rate of 1/r3. Data analysis also showed that the presence of beryllium energy window has a greater impact on the hemispherical source than on the hemispherical-conical source.

4. Conclusions
==============

It was found that, before being absorbed, the X-ray resulted from the electron bombardment of target must traverse a path which puts its spectrum under the influence of factors such as the energy of incident electron, cross sectional area of produced bremsstrahlung, target shape, the atomic number of material of target, and density of material constituting the energy window. This study concluded that the presence of beryllium window has a greater impact on the hemispherical source than on the hemispherical-conical source, which is reflected in the higher absorbed dose. This could be the reason behind the selection of beryllium for the energy window of INTRABEAM system; and the lower impact of beryllium on tungsten is perhaps the reason why Axxent system uses a combination of beryllium and yttrium
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![The plots obtained from the tallies used to determine the optimal size of gold and tungsten targets](EPJ-09-3845-g005){#f5-epj-09-3845}

![The plots showing the axial dose with beryllium (A) and with water instead of beryllium (B)](EPJ-09-3845-g006){#f6-epj-09-3845}
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![The plots showing the radial dose with mesh tally: hemispherical (A, B, and C) and hemispherical-conical (D, E, and F)](EPJ-09-3845-g008){#f8-epj-09-3845}

![Diagrams obtained from section 2.2 that show electrons range](EPJ-09-3845-g009){#f9-epj-09-3845}
